The complex interplay between several active degrees of freedom (charge, lattice, orbtial and spin order) is thought to determine the electronic properties of many oxides, but the respective role of the various contributions is often extremely difficult to determine.
In this article we demonstrate that dramatic recent improvements in ultrafast electron diffraction instrumentation (4-7) provides such a capability by addressing the nature of the much debated semiconductor to metal transition (SMT) in VO 2 (8) .
At approximately 343 K, VO 2 undergoes a first order transition between two crystalline phases (Fig. 1A) . This structural phase transition (SPT) is accompanied by a dramatic change in conductivity; as much as 5 orders of magnitude in high quality single crystals (9) . The high temperature phase, Figure 1A left, is metallic with a rutile crystalline structure (R, P4 2 /mnm). The low temperature phase, Figure 1A right, is characterized by semiconducting electronic behavior (E g ∼0.6 eV) and monoclinic structure (M1, P2 1 /c). The SPT may be understood roughly as the advent of a charge density wave along the rutile c-axis with wave vector 2 c R , which leads to a doubling of unit cell along this direction. This periodic lattice distortion (PLD) dimerizes vanadium atoms along the c R direction, spaced by 2.85Å in the high temperature phase, into alternating V-V separations of 2.62Å and 3.16Å. The dimers are also rotated slightly with respect to c R .
A long-standing challenge to understanding this SMT has been to determine the relative role of electron-lattice interactions (lattice and charge order) and electron-electron interactions (dynamical correlations and orbital selection) to the change in properties and the nature of the semiconducting phase (10-15). Here we address this question directly by making use of the orders-of-magnitude beam brightness enhancement provided by radiofrequency compressed ultrafast electron diffraction (16) in combination with time-resolved IR transmittance measurements to interrogate both structure and electronic properties.
The combined approach makes it possible to map the reorganization of the VO 2 unit cell during the optically induced transition (17, 18) in unprecedented detail while simultaneously determining electronic properties. The results unambiguously demonstrate a photoinduced transformation to a long-lived state with metal-like mid IR optical properties and the PLD (or charge density wave order) of the semiconducting M1 phase intact.
This state differs from the equilibrium rutile metal crystallographically, and in that it only involves a 1D reorganization of charge density rather than a transition to the isotropic 3D electronic state of the high temperature phase (19, 20) .
In these experiments pulsed-laser deposition grown polycrystalline VO 2 films (Figs.
1B, 1C) (21) , initially in the low temperature M1 phase (at ∼310K), are subject to optical (800nm) excitation with 35 fs laser pulses. The time-dependence of the changes in structure and electronic properties following optical excitation of the material are determined using pump-probe UED and time resolved IR transmittance measurements (22) .
The time-resolved transmission electron powder diffraction data obtained using UED ( We isolate the full spectrum of diffracted intensity changes that correspond to the fast and slow components in the time-domain by choosing reference time points for computing the intensity differences that separate these dynamics, i.e., t = −1 ps in Fig. 2E (fast dynamics) and t = 2 ps in Fig. 2F (slow dynamics). It is important to note that unlike the fast dynamics in Fig. 2E , the slow dynamics are dominated by increases in peak intensity over a limited range of scattering vector (s < 0.45Å −1 ) for which electron scattering is known to be particularly sensitive to the valence charge distribution (27, 28) . In addition, these slow dynamics are absent for reflections whose reciprocal lattice vector is perpendicular to c R (h M = 0), as indicated with grey dotted lines in Fig. 2. This observation unambiguously establishes that electron structure factors orthogonal to c R are largely unaffected by the slow process; i.e. the slow process corresponds to a 1D modification of the electrostatic crystal potential in the octahedrally coordinated vanadium chains oriented along c R .
The two diffraction signatures described above represent qualitatively distinct structural reorganizations within VO 2 following photoexcitation. This can be understood by computing the pump-induced changes to the radial pair distribution function (PDF) (29) directly from the observed changes in diffracted intensity shown in Fig. 2E and F. These curves, shown in Fig. 3A and B, represent the time-dependent difference in the radial autocorrelation function of the crystal potential with respect to the reference time point.
The computed difference PDF for the fast dynamics is shown in Fig. 3A In contrast to the above, the slower dynamics do not correspond to a structural rearrangement of the lattice (which result in a conservation of diffracted intensity like that seen for the fast dynamics in Fig 2E) . The difference PDF (Fig. 3B) for the slow changes is dominated by negative going features at 1.3Å (IV) and 4.4Å (VI), equal to half the V-V dimer bondlength and the undimerized V-V separation plus half the V-V dimer bondlength respectively (Fig. 1A) . Positive going changes are also observed at around 1.9
A (V), the average V-O separation in the octahedron, and at <0.8Å. These observations are consistent with a collective reorganization of valence charge density in the M1 phase that increases the electron density in the vanadium dimers bonds while decreasing the electrostatic potential on primarily the oxygen atoms; an effective modification of the atomic scattering factors.
Previous theoretical work on vanadium dioxide has focused on the behaviour and occupancy of the three bands formed from hybridized V-3d /O-2p states of t 2g symmetry (Fig 4A) as the determining factor in the electronic properties of VO 2 (10, 13-15). The orientation of the localized d -orbitals from which these bands are formed are shown in 
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The measurements presented here were made on a home built ultrafast electron diffractometer (Fig. S1 ) employing radio-frequency pulse compression techniques (S1). This approach has very recently been shown to offer dramatic improvements in instrument performance (S2, 16) . These techniques allow us to produce compressed electron pulses with ∼10 6 electrons per pulse with ∼300 fs time resolution (16) .
In these experiments, VO 2 specimens initially in the M1 phase (∼310 K) are photoexcited with 35 fs, 1.55 eV (800 nm) laser pulses at near normal incidence (∼10 degrees) with a range of excitation fluences; the evolution of the SMT was then probed after a variable delay time with an ultrashort electron pulse with ∼500,000 electrons per pulse.
These electron pulses were generated through photoemission in a DC, high voltage electron gun with 266 nm laser pulses and accelerating voltages up to 95 kV. Although the diffractometer is capable of operating with a repetition rate of 1 kHz, a delay of 20 ms between pump laser pulses was required before reinitiating the transition in order to allow the samples to completely relax back to the insulating phase. The diffraction pattern ( In addition to the ultrafast electron diffraction measurements performed, ultrafast infrared transmittance measurements were conducted under identical pump-probe conditions. The IR pulses (5 µm wavelength) were generated using difference frequency generation from the signal and idler beams of an IR optical parametric amplifier (S3).
The ultrafast mid-IR transmission measurements were made using the femtosecond pulse acquisition spectrometer from Infrared Systems Development, based on 64 pixel Mercury Cadmuim Telluride IR detector arrays. The VO 2 samples were held at atmospheric pressure as opposed to the 10 −7 Torr used for the electron diffraction experiments.
The high-quality stoichiometric polycrystalline vanadium dioxide films used in these measurements were synthesized at the Laboratory of Micro-and Nanofabrication facility at INRS by means of reactive pulsed laser deposition process. A pure (99.95%) vanadium target was used with a KrF excimer laser (λ = 248 nm) in an oxygen environment with a pressure of 15 mTorr and substrate temperature of 500 • C (S4, 21) . The samples were 70 nm thick and deposited on 50 nm thick amorphous silicon nitride windows. Temperature dependent resistivity curves of the samples used are shown in Fig. S3 and display the characteristic hysteretic behaviour of VO 2 with a hysteresis width of 10 K.
Figure S1: Schematic diagram of the ultrafast electron diffractometer including the synchronization electronics and the chirped pulse amplification laser system. The sample is pumped with 35 fs, 800 nm laser pulses, while third harmonic generation is used to produce 266 nm, UV pulses. A fast photo-diode is used to detect the timing of the pulses from the ultrafast oscillator; a phase-locked loop (PLL) is then used to produce synchronized RF pulses which are then amplified by an RF amplifier. These pulses then drive the RF compression cavity. Two magnetic lenses, S1 and S2, are used to collimate the electron beam as it exits the electron gun, and then to focus the beam at the CCD detector. 
